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Abstract 
Background: A number of studies have suggested that angiotensin II (AII) receptor type 1 (ATR1) 
blocking drugs (ARBs) have anti-inflammatory effects however the mechanisms responsible are 
poorly investigated.   
Objective: To determine the role of extracellular signal regulated kinase (ERK)1/2 in ARB induced 
anti-inflammatory effects within human carotid atherosclerosis. 
Methods: Atheroma samples obtained from patients undergoing carotid endarterectomy were 





angiotensin converting enzyme (ACE)2 (DX600) blockade. The in vitro effects of ATR1 and 
ERK1/2 blockade and exogenous AII on serum stimulated healthy, primary vascular cells were also 
investigated.  Outcome was assessed by measuring cytokine, (interleukin (IL)-6, IL-8, C-C motif 
chemokine (CCL)2, C-X-C motif chemokine (CXCL)5, osteoprotegerin (OPG), osteopontin (OPN), 
CXCL16), concentrations in supernatants and phosphorylated ERK1/2 in the tissue lysates using 
ELISA. ERK1/2 expression in the tissue was assessed using Western blotting.  
Results: Irbesartan reduced concentrations of IL-6, IL-8, CCL2, CXCL5, OPG, OPN and CXCL16 
in both atheroma and primary vascular cell culture supernatants. The reduction in cytokine levels in 
the atheroma supernatant was correlated to a reduction in ERK1/2 expression in the tissue. 
Inhibition of ERK1/2 downregulated IL-6, IL-8 and CXCL5 in both atheroma and cell culture 
supernatants. AII and ACE2 blockade had no impact on cytokine or active ERK1/2 levels in the 
atheroma culture. 
Conclusion: Our findings suggest that ATR1 blockade downregulates atheroma tissue ERK1/2 
expression leading to a reduction in cytokine production and that a non-AII agonist ATR1 




The renin-angiotensin signalling pathway plays a key role in regulating the cardiovascular 
system. It is widely accepted that angiotensin II (AII) signalling through angiotensin receptor 
(ATR)1 (Fig. 1) promotes cardiovascular events. Treatment with ATR1 blocking drugs (ARBs) has 
been associated with a reduction in cardiovascular events, such as stroke, in a number of clinical 
trials [1-3]. These studies suggest ARBs have an impact beyond their anti-hypertensive actions [1,3] 
and can directly reduce inflammation associated with cardiovascular disease (CVD) [4-5] with 
reductions in levels of a range of inflammatory cytokines in patients’ receiving ARB therapy [6-15]. 
AII/ATR1 signalling also leads to the activation of several downstream kinase pathways, such as 
extracellular signal regulated kinases (ERK)1/2 [16], which are also associated with inflammatory 
cytokine upregulation [17-18].  
Examining the cellular signalling responses that lead to the anti-inflammatory effects of 
ATR1 blockade in patients is not straight forward. One approach is the use of tissue explant culture 
[19-22]. This culture system has been demonstrated to simulate the in vivo AII response to ARB 
[6,23-24] with an increase in AII levels in the atheroma explant culture supernatant with ATR1 
blockade [19].  
In this study we aimed to investigate the impact of ATR1 and ERK1/2 blockade on 
inflammatory cytokine production in vitro using two different culture systems. The first system 
utilised cultured, diseased, human carotid atheroma tissue [19-22]. The second system used healthy, 
primary vascular cells stimulated by serum [22]. Previous studies have demonstrated that exposure 
of smooth muscle cells (SMC) or fibroblasts to blood initiates cell signalling responses, such as 
inflammatory cytokine release, within the vasculature [25]. 
There are a number of studies reporting that the ATR1 can be stimulated by non-AII 
agonists, which are also inhibited by ARBs [26-29]. A secondary element of this study was to 
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Other possible ATR1 
ligands: AIII, AIV and 
Ang (1-7) may 
upregulate cytokines?
of an AII peptide antagonist [30-35] and an angiotensin converting enzyme (ACE)2 inhibitor on 
inflammatory cytokine secretion were also investigated. ACE2 is the carboxypeptidase which 
converts AII to Ang-(1-7). The authors demonstrated previously that blockade of ACE2 activity in 
atheroma increased AII levels ~10-fold in vitro [19]. 
The aims of this study were threefold: Firstly, to clarify the role of ERK1/2 in the ability of 
ATR1 blockade to limit inflammation in 
human carotid atheroma, secondly to 
investigate the role of AII in stimulating 
inflammation in human carotid atheroma and 
thirdly, to determine if ATR1 and ERK1/2 
blockade had anti-inflammatory effects in 
human, primary vascular cells stimulated by 
serum.  
Fig. 1. The angiotensin II/ angiotensin type 1 
receptor signalling pathway. Presented is a 
simplified pathway by which ATR1 activation 
potentially leads to inflammatory cytokine production. 
ATR1 has two different, distinct binding sites, an 
extracellular pocket for the angiotensin peptides (blue) 
and a separate membrane binding site (green) for the 
non-peptide diphenylimidazole antagonists, such as 
irbesartan (red cross). AII binding was blocked by the 





cross), which binds directly to the peptide binding 
pocket (blue). Activation of ERK1/2 was blocked by 
PD98059, which binds to MKK1/2, inactivating the 






Patients were recruited from those selected to undergo primary carotid endarterectomy at 
The Townsville and Mater Hospitals, Queensland, Australia between Jul 2011 and Feb 2013. 
Inclusion criteria included: 1) verbal and written informed consent; 2) carotid stenosis of ≥ 70% 
 
identified on duplex imaging using criteria previously described [20]; and 3) no previous carotid 
artery intervention. Ethics approval was provided by the appropriate committees (Townsville Health 
Service District, 61/05). Patients with a history of transient ischemic attack (TIA), stroke with good 
recovery and those with an asymptomatic stenosis were included. Please refer to Appendix A online 
for the patient characteristics (http://atherosclerosis-journal.com). 
 
2.2. Explant Culture 
Explant culture was carried out as previously described [19-22]. Two macroscopically 
similar, disease matched, atheroma biopsy pairs were obtained from each patient. The interventional 
agent concentrations were based on circulating concentrations measured in patients receiving 
therapeutic levels or published effective in vitro concentrations. Therapeutic circulating 
concentrations of irbesartan are reported to be between ~1-10 mmol/L [36-37]. The MKK1/2 
inhibitor, PD98059, binds directly to MKK1/2 blocking it’s capacity to phosphorylate ERK1/2, 
consequently blocking ERK1/2 activation [38]. When used at a concentration of 20 µmol/L, 
PD98059, abolished AII induced upregulation of C-reactive protein from vascular SMCs [39]. The 




]-AII, has been used in culture at a variety of concentrations 
ranging from 0.1 µmol/L [30-31], 1 µmol/L [32-34] to 10 µmol/L [35].  
The following interventions were assessed: a) ATR1 (Irbesartan; 2 mmol/L; Sigma #I2286); 




]-AII; 10 µmol/L; Auspep 
#2153); d) ACE2 (DX600; 1 µmol/L; Anaspec #62337) [19]. 
 
2.3. Primary vascular cell culture 
Due to the nature of the carotid endarterectomy procedure the types of vascular cells present 
in the explant tissue include: endothelial cells (ECs), SMCs, inflammatory cells which have 
infiltrated the atheroma from the blood and red blood cells (RBCs) on the tissue surface. A 
 
previously developed mixed, healthy, primary vascular cell technique [22] was used to assess the 
impact of ATR1 and ERK1/2 activity blockade, and increasing levels of AII on inflammatory 
cytokine production from vascular cells stimulated by serum. Therapeutic circulating concentrations 
of the ARB, losartan, range from ~0.1-1.5 µmol/L [40-41] and the normal level of AII found in the 
blood ranges from 18.4-47.6 pg/mL [6].  
The following interventions were assessed: a) Irbesartan at 0, 0.144, 0.575, 2.3 and 4.6 
mmol/L, b) Losartan at 0, 40.6, 162.5, 650 and 1300 nmol/L, c) PD98059 at 0, 1.25, 5, 20 and 40 
µmol/L and d) AII at 0, 0.2, 2, 20 and 200 pmol/L in triplicate. Details of the culturing conditions 
are presented online in Appendix A.   
 
2.4 Assessment of supernatant inflammatory cytokine and AII concentrations 
Commercially available ELISA kits were used to measure the expression of interleukin (IL)-
6, IL-8, C-C motif ligand (CCL)2, C-X-C motif ligand (CXCL)5, osteoprotegerin (OPG), 
osteopontin (OPN) and CXCL16 in the culture supernatants (R&D Systems) following the 
manufacturer’s instructions. AII levels were assessed as previously reported [19]. Details of each 
ELISA and the assay conditions used are presented online in Appendix A. 
 
2.5 Assessment of atheroma protein concentrations  
Protein was extracted from the cultured atheroma and quantified as previously described 
[19]. Total protein content of each explant sample was used to normalise between the samples 
cultured with and without intervention. Atheroma concentrations of the phosphorylated, activated 
forms of ERK1 and ERK2 (ERK1-P and ERK2-P), were measured in the explant tissues by ELISA 
(R&D Systems). This ELISA system utilises antibodies that specifically detect the phosphorylated 
residues of T202/T204 and T185/T187 for ERK1 and ERK2, respectively. This means the ELISAs 
will detect changes arising from either a change in overall expression of ERK1/2 or the degree of 
 
phosphorylation.  ERK1 and ERK2 levels were determined using Western blotting. Details of each 
ELISA and the Western blotting assay conditions are presented online in Appendix A.  
 
2.6. Data Analysis 
The normalised amount of inflammatory cytokines, ERK and ERK-P proteins from 
atheroma exposed to interventions were presented as mean  SEM of the relative ratios in paired, 
experimental and control samples [19-22]. Differences between experimental and control samples 
were assessed using Wilcoxon’s paired test. Values for experimental samples <1 demonstrate the 
intervention reduced expression while values =1 demonstrate the intervention had no effect. 
Correlations of total well expression of atheroma proteins were assessed using Spearman’s rho 
correlation. GraphPad Prism 6 software was used for all the explant sample analyses. A p value of 




3.1. Heterogeneity of human carotid atheroma samples from different patients 
Concentration of IL-6, IL-8, CCL2, CXCL5, OPG, OPN and CXCL16 present in the control 
atheroma supernatant from all of the studies combined (n=42 samples from 21 patients) and ERK1-
P and ERK2-P in the control atheroma tissue (n=34 samples from 17 patients) were measured using 
ELISA. The mean normalised amount of expressed protein  SEM (ng/mg) in the control cultures 
were as follows: IL-6, 347.158.4 ranging from 3.3-13511; IL-8, 59.810.4 ranging from 2.8-265; 
CCL2, 97.121.8 ranging from 4.9-917.9; CXCL5, 32.25.5 ranging from 0.8-134.7; OPG, 
224.335.8 ranging from 14.7-1333; OPN, 772123.9 ranging from 35.4-3706; CXCL16, 4.00.7 
ranging from 0.2-24.7; ERK1-P, 0.950.11 ranging from 0.02-2.13; ERK2-P, 0.230.03 ranging 
from 0.003-0.72 (Fig. 2A-I).  
 
 
Fig. 2. Variation in inflammatory cytokine and activated ERK levels in cultured carotid atheroma samples. Mean 
 SEM of (A) IL-6, (B) IL-8, (C) CCL2, (D) CXCL5, (E) OPG, (F) OPN, (G) CXCL16, (H) ERK1-P and (I) ERK2-P 
detected in the control culture supernatant and tissue, normalised to the total amount of protein present in the explant 
tissue (n=42 samples for inflammatory cytokines and n=34 samples for ERK-Ps).  Protein expression was measured by 
ELISA. Black circles indicate individual supernatant results and squares indicate individual tissue results. 
 
3.2. Effect of ATR1 blockade on inflammatory protein expression in human carotid atheroma 
culture 
Incubation of human carotid atheroma samples with irbesartan (ATR1 specific inhibitor, 2.3 
mmol/L, n=12 pairs) for 4d significantly reduced expression of IL-6 (~0.31-fold change, P=0.0037), 
IL-8 (~0.34-fold change, P=0.0022), CCL2 (~0.03-fold change, P=0.0022), CXCL5 (~0.02-fold 
change, P=0.0022), OPG (~0.33-fold change, P=0.0029), OPN (~0.13-fold change, P=0.0022) and 
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P=0.0022), ERK2-P (~0.18-fold change, P=0.0029) and ERK1 (~0.45-fold change, P=0.0022) in 
the atheroma tissue. ERK2 was not consistently detectable in the tissue. Irbesartan reduced ERK2 
expression at borderline significance (~0.52-fold change, P=0.0679) (Fig. 3A).  
Fig. 3. Changes in 
inflammatory response in 
carotid atheroma samples 
cultured with different 
interventions. Relative 
expression of inflammatory 
cytokines in the supernatant 
and ERKs in the tissue after 
4d culture with and without 
(A) ATR1 (irbesartan, 2.3 
mmol/L, n=12 pairs); (B) 
ERK1/2 (PD98059, 20 





]-AII, 10 µmol/L, 
n=10 pairs) and (D) ACE2 
(DX600, 1 µmol/L, n=12 
pairs) blockade. Shown are 
the mean values  SEM of the 
ratio of inflammatory 
cytokine or signalling protein 
(normalised to total protein) 
expressed by paired atheroma 
samples incubated with 
intervention relative to 
control. Protein expression 
was measured by ELISA for 
all except ERK1 and ERK2, 
which were determined by 
Western blotting. **P<0.01; 
*P<0.05 using Wilcoxon’s 
paired test. (1=no change-
denoted by horizontal line, <1 decreased with blockade) 
 
3.3. Effect of blockade of ERK1/2 activation on inflammatory cytokine expression in human carotid 
atheroma supernatant 
Incubation of human carotid atheroma samples with PD98059 (ERK1/2 specific inhibitor, 
20 µmol/L, n=8 pairs) for 4d significantly reduced expression of IL-6 (~0.20-fold change, 
P=0.0117), IL-8 (~0.39-fold change, P=0.0117), CCL2 (~0.62-fold change, P=0.0357) and CXCL5 
(~0.40-fold change, P=0.0117) in the culture supernatant. There was no significant changes in 
expression of any of the other proteins assessed (p>0.05) (Fig. 3B). 
 
 
3.4. Effect of AII peptide and ACE2 activity blockade on inflammatory protein expression in human 
carotid atheroma culture 




]-AII (AII peptide specific inhibitor, 10 
µmol/L, n=10 pairs) for 4d caused no significant changes in expression of any of the proteins 
assessed (p>0.05) (Fig. 3C). Equally, incubation of the atheroma samples with DX600 (ACE2 
inhibitor, 1 µmol/L, n=12 pairs) for 4d caused no significant changes in expression of any of the 
proteins assessed (p>0.05) (Fig. 3D). 
 
3.5. Correlation between cytokines and the ERK signalling proteins in the experiment assessing the 
effect of ATR1 blockade on cultured human carotid atheroma 
Unlike the heterogeneity study that only used the control samples, this study assessed the 
correlation between the secreted and cellular proteins in the matched irbesartan cultured (2.3 
mmol/L; n=12 samples) and control samples (n=12 samples). The aim was to determine if there was 
a direct association between the reduction in ERK1/2 expression in the tissue and the reduced 
inflammatory cytokine levels in the supernatant.  
Expression of ERK1 (n=24 samples from 12 matched pairs) in the atheroma tissue was 
strongly correlated to the level of its activated, phosphorylated form, ERK1-P (Spearman’s 
rho=0.6887, P=0.0002), and expression of IL-6, IL-8, CCL2, CXCL5, OPG, OPN and CXCL16 in 
the supernatant (Spearman’s rho=0.6878, P=0.0002; Spearman’s rho=0.6313, P=0.0009; 
Spearman’s rho=0.6703, P=0.0003; Spearman’s rho=0.7106, P<0.0001; Spearman’s rho=0.6626, 
P=0.0004; Spearman’s rho=0.5984, P=0.0020; Spearman’s rho=0.6915, P=0.0002) (Table 1). 
ERK2 was not consistently detectable in the tissue. Expression of ERK2 (n=8 samples) in the 
atheroma tissue was correlated to the level of its activated, phosphorylated form, ERK2-P 
(Spearman’s rho=0.7381, P=0.0458), and expression of IL-6, CCL2, OPG and CXCL16 in the 
supernatant (Spearman’s rho=0.8333, P=0.0154; Spearman’s rho=0.8503, P=0.0115; Spearman’s 
 
rho=0.9762, P=0.0004; Spearman’s rho=0.7619, P=0368, respectively) (Table 1). ERK2 
demonstrated a correlation with IL-8, CXCL5 and OPN at borderline significance (Spearman’s 
rho=0.6667, P=0.0831; Spearman’s rho=0.7143, P=0.0576; Spearman’s rho=0.6826, P=0.0729, 
respectively) (Table 1). 
Table 1  Correlation of ERK proteins and inflammatory cytokines in the study examining 
the effect of ATR1 blockade on human carotid atheroma 
 Tissue ERK1 Tissue ERK2 





























Spearman’s rho correlations between the secreted inflammatory cytokines in the supernatant and the 
ERK signalling proteins in the matched atheroma tissue samples incubated with and without irbesartan 
(2.3 mmol/L) were performed using the total amount of each protein in the samples (n=24 for ERK1 
and n=8 for ERK2 ). As the explant culture system is a closed system the correlations were 




























































































































































 Fig. 4. Changes in inflammatory response in mixed, healthy, primary vascular cell culture with different 
interventions. Expression of inflammatory cytokines in the supernatant of healthy, primary vascular cells (ECs, SMCs, 
BCs) stimulated by serum (4d culture). Inflammatory cytokine expression was measured by ELISA. (A) Various serum 
and cell combinations demonstrating an inflammatory response to the serum. Shown are the mean values of triplicates  
SEM. Relative expression of inflammatory cytokines after 4 days culture with titrated (B) irbesartan (ATR1 blockade), 
(C) losartan (ATR1 blockade), (D) PD98059 (ERK1/2 blockade) and (E) exogenous AII. SEMs were too small to 
present. The asterisked concentration was used in the atheroma intervention studies and is the level of AII found in 
normal blood [6] (1= no change-denoted by horizontal line, <1 decreased with blockade) 
 
 
3.6. Effect of ATR1 and ERK1/2 blockade on inflammatory cytokine expression in mixed, healthy, 
primary vascular cells stimulated by human serum in vitro  
The level of the inflammatory cytokines, IL-6, IL-8, CCL2, CXCL5, OPG, OPN and 
CXCL16, secreted by healthy, primary vascular cells increased with addition of normal human 
serum suggesting an inflammatory response by the cells to the serum (Fig. 4A). Within the mixed 
culture IL-6 appears to be predominantly secreted by ECs, OPG by SMCs and IL-8, CCL2, 
CXCL5, OPN and CXCL16 by cells derived from the blood (Fig. 4A). Titration of irbesartan in the 
mixed culture (EC+SMC+BC+serum) downregulated secretion of IL-6, IL-8, CCL2, CXCL5, OPG, 
OPN and CXCL16 (Fig. 4B). Titration of another ARB, losartan, also downregulated secretion of 
IL-6, CXCL5 and OPG (Fig. 4C). Titration of PD98959 downregulated secretion of IL-6, IL-8, 
CXCL5 and OPG (Fig. 4D) in a dose dependent manner. Titration of AII in the mixed culture had 
no impact on any of the inflammatory cytokines measured, except CXCL5, which showed a 
reduction in secretion with increasing AII (Fig. 4E). 
 
4. Discussion 
In the present study, using human atheroma explant culture we demonstrated, that ATR1 
blockade reduces expression of a range of inflammatory cytokines and the ERK1/2 signalling 
proteins. It is widely accepted that AII has a role in atherosclerosis and that therapies which block 
AII binding to ATR1 are beneficial to cardiovascular patients in reducing the incidence of 
cardiovascular events, such as stroke [1-3].  A fundamental aim of this study was to determine the 
influence of the AII/ATR1/ERK axis (Fig. 1) on inflammatory cytokine secretion within human 
carotid atherosclerosis.  
Blockade of ATR1 with irbesartan had an anti-inflammatory impact on the atheroma 
reducing expression of all the inflammatory cytokines measured, which included IL-6, IL-8, CCL2, 
CXCL5, OPG, OPN and CXCL16. This response was in keeping with many studies investigating 
 
the in vivo response to ARB therapy. Circulating IL-6 has been demonstrated to drop with a range 
of ARBs, including irbesartan [7-11]. The other inflammatory proteins investigated in this study are 
not as well studied, but ARB therapy has also been shown to decrease IL-8, MCP-1 and OPN levels 
in vivo [6,10-15].     
It is not easy to determine the cellular signalling responses that lead to the in vivo 
inflammatory cytokine responses to ARB therapy in patients, but it is possible to measure the 
response to ATR1 blockade in cultured atheroma tissue [19-22]. ATR1 blockade, with irbesartan, 
also led to a decrease in expression of the tissue signalling proteins, ERK1 and ERK2. The 
reduction in the ERK signalling proteins correlated to the reduction in the expression of the 
inflammatory cytokines in the supernatant and the levels of their respective activated, 
phosphorylated forms suggesting that the reduction in active ERK1/2 with ARB may be a direct 
result of downregulation of expression of the proteins rather than a reduction in the degree of 
phosphorylation. A previous study using left ventricles from spontaneously hypertensive rats also 
demonstrated a downregulation of ERK1 expression in the diseased ventricle tissue with irbesartan 
administration that correlated to the downregulation of activated levels [42].  
The role of ERK1/2 activation in inflammatory cytokine secretion from the atheroma was 
investigated using the specific MKK1/2 blocking agent, PD98059, which blocks activation of 
ERK1/2. Blockade of ERK1/2 activation led to a significant decrease in the expression of IL-6, IL-
8, CCL2 and CXCL5. In combination these results suggest ERK activation occurs in the signalling 
response that leads to the expression of these inflammatory cytokines. However, OPG, OPN and 
CXCL16 expression were also correlated to the expression of the ERKs, but not downregulated 
with ERK activity blockade, suggesting these inflammatory cytokines are upregulated in 
conjunction with the ERKs not as a result of their activation.  
The anti-inflammatory impact of ATR1 and ERK1/2 blockade was also assessed using a 
culture of mixed, healthy, primary vascular cells (ECs, SMCs and BCs) stimulated with serum. 
 
Titration of irbesartan in these cultures led to a dose dependent decrease in expression of IL-6, IL-8, 
CCL2, CXCL5, OPG, OPN and CXCL16, and titration of PD98059 led to a decrease in expression 
of IL-6, IL-8, CXCL5 and OPG. Irbesartan downregulated the same inflammatory cytokines and 
PD98059 reduced production of IL-6, IL-8 and CXCL5 in both culture systems. These results 
suggest that ATR1 and ERK1/2 are involved in upregulation of inflammatory cytokines from sites 
of atherosclerotic disease and healthy sites in the vasculature. ARBs would therefore be expected to 
reduce inflammatory cytokine production throughout the vasculature.  
Another ARB, losartan, was also titrated in the mixed, healthy, primary vascular cell 
cultures. Titration of losartan led to a dose dependent decrease in secretion of IL-6, CXCL5 and 
OPG demonstrating that individual ARBs have different anti-inflammatory cytokine responses in 
the primary vascular cell culture system. Our findings highlight the need for further investigation of 
the anti-inflammatory impact of ARBs on patients, such as those with diabetes, who have a range of 
secondary inflammatory complications, including CVD, impaired wound healing and impaired 
responses to infection. Defining the anti-inflammatory response to different ARBs is potentially 
valuable since agents that downregulate chronic inflammation, such as that present in 
atherosclerosis, but maintain inflammation associated with wound healing or infection may be of 
therapeutic value. 
An AII peptide antagonist that has been demonstrated previously to inhibit AII binding [30-
35] and the ACE2 activity inhibitor, DX600, which has been demonstrated to increase AII levels in 
atheroma culture [19], were used to investigate the role of AII in the upregulation of the 
inflammatory cytokines from the atheroma. Both AII peptide blockade and ACE2 blockade had no 
impact on the expression of any of the inflammatory cytokines measured or atheroma ERK1/2 
activity. Further to this result, titration of AII in mixed, healthy, primary vascular cell cultures did 
not have an impact on secretion of the inflammatory cytokines.  In combination the atheroma and 
vascular cell culture results suggest the possibility that the anti-inflammatory ARB response is 
 
driven by blockade of another ligand capable of binding to ATR1. The angiotensin peptides, AIII 
(similar binding affinity to AII), Ang-(1-7) (binds weakly) [43] and AIV (low potency generation of 
inositol phosphate) [44] can also bind to ATR1. As AII can be converted to all of these peptides in 
vivo it is difficult to determine the individual role of each peptide without further extensive 
blockade studies. Further investigation is needed to determine if other angiotensin peptides might be 
involved in the anti-inflammatory response to ARBs within the vasculature. 
A number of studies have demonstrated that activation of the ATR1 (for example to induce 
mechanical stretch), can be stimulated by non-AII agonists that are inhibited by ARBs [26-29]. Of 
particular relevance to this current work is a study that investigated the roles of activated, 
phosphorylated ERK and AII in the inhibition of the in vitro mechanical stretch activation of cells 
by candesartan. Human embryonic kidney (HEK)293 and COS7 cells (these cells do not express the 
AII precursor, angiotensinogen, or ATR1) and HEK293 or COS7 cells transfected to express ATR1 
were used. Neither, mechanical stretch or addition of AII (10 µmol/L) induced an increase in ERK-
P in either wild type cell, whereas in the ATR1 transfected cells ERK-P levels increased in response 
to both stimuli. In this culture system candesartan reduced ERK-P levels stimulated by both 




]-AII only reduced the AII stimulated ERK activation 
[29]. The cultured atheroma tissue in this study demonstrated a similar non-AII agonist driven 
ERK-P response to ARB as the cells undergoing mechanical stretch in the previous studies. 
 
5. Conclusion 
This study presents a number of significant findings. Firstly, ATR1 blockade within 
diseased, human carotid atheroma in vitro decreased secretion of a range of inflammatory cytokines 
in conjunction with the expression of ERK signalling proteins in the tissue. Secondly, neither direct 
blockade of AII with a peptide antagonist, or blockade of ACE2 activity had any impact on either 
expression of the inflammatory cytokines or the level of ERK-Ps in atheroma culture. Thirdly, 
 
ATR1 and ERK1/2 blockade in vitro with mixed, healthy, primary vascular cells stimulated by 
serum also decreased expression of the same inflammatory cytokines as in the atheroma culture, 
whilst exogenous AII had no impact. In sum, this suggests that ARBs have an anti-inflammatory 
impact in the vasculature which potentially occurs via a non-AII agonist/ATR1/ERK driven 
mechanism. 
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AII blockade ACE2 blockade 
Number of patients, n 6 4 5 6 
Age, y, meanSD 69.96.7 66.14.7 66.4±9.9 68.59.1 
Male, n 4 4 4 4 
TIA, n 2 2 4 4 
Stroke, n 1 1 1 1 
Diabetes, n 0 0 2 2 
Hypertension, n 6 3 5 5 
IHD, n 1 1 2 2 
Non-smoker, n 1 0 1 0 
TIA, Transient Ischaemic Attack; IHD, Ischaemic Heart Disease; AII, Angiotensin II; ATR, 
AII receptor; ACE, AII Converting Enzyme; ERK, extracellular signal regulated kinase 
 
A1.1. Mixed, healthy, primary vascular cell culture 
Using a method determined previously [1]. Mixed, healthy, primary vascular cell cultures 
 
comprising human aortic endothelial cells (HAEC; Lonza; #CC-2535; seeded at 2.6x10
2
 cells/mL) 
and human aortic smooth muscle cells (HASMC; Lonza; #CC-2571; seeded at 1.5x10
4
 cells/mL) 
were established in triplicate the day before and allowed to adhere overnight. Total blood derived 
cells (BCs), including inflammatory cells and red blood cells (RBCs), (isolated from heparin plasma 
and rinsed 3 times with Hanks Balanced Salt Solution to remove intrinsic clotting factors) and 
donor matched serum were added to the healthy, primary EC/SMC with titrated intervention agents 
(0, 0.0625, 0.25, 1 and 2 times explant intervention concentration) and cultured at 37°C in a 
humidified 5% CO2 atmosphere for 4 days. At the end of the culture period the RBCs flowed freely 
when pipetted and there was no formation of a bolus. Conditioned media was harvested (30,000g, 
30min, 4
o
C) and stored at -80
o
C until assayed.  The blood was collected from four healthy, male 
volunteers and pooled. Verbal and written, informed consent was received. Ethics approval for 
these control samples was provided by the appropriate committee (James Cook University, H4109).  
 
A1.2. ELISA 
Explant conditioned supernatant (ES) and serum stimulated mixed, healthy, primary vascular cell 
conditioned supernatant (VS) from the various intervention studies were assessed for the secreted 
levels of interleukin (IL)-6, IL-8, C-C motif ligand (CCL)2, C-X-C motif ligand (CXCL)5, 
osteoprotegerin (OPG), osteopontin (OPN) and CXCL16 and tissue from the explant studies was 
assessed for signalling proteins, ERK1-P and ERK2-P, using commercially available ELISA kits 
following manufacturer’s instructions (R&D Systyems). The appropriate conditions for each assay 
were determined by sample titration. Based on these preliminary studies the following volumes and 
dilutions of sample were assayed: IL-6 (ES: 8µL of 1/100, VS: 30µL 1/100; #DY206), IL-8 (ES: 
30µL of 1/100, VS: 10µL 1/10; #DY208), CCL2 (ES: 35µL of 1/100, VS: 50µL 1/10; #DY279), 
CXCL5 (ES: 16µL of 1/10, VS: 30µL neat; #DY254), OPG (ES: 15µL of 1/10, VS: 50µL neat; 
#DY805), OPN (ES: 13µL of 1/100, VS: 15µL neat; #DY1433), CXCL16 (ES: 80µL of 1/10, VS: 
10µL neat; #DY1164), ERK1-P (17µL of lysate; #DYC1825) and ERK2-P (17µL of lysate; 
#DYC1483).  
 
As both the culture systems are closed systems the total amount of each protein expressed was 
determined for each sample and used in the subsequent analyses. 
 
A1.3. Western blotting 
The ERK signalling proteins were extracted from the atheroma tissue as described previously [2]. 
The proteins were separated under denaturing conditions on a 12% SDS polyacrylamide gel [3]. 
The ECL Advance Western Blotting Detection kit (Amersham, #RPN2135) was used for 
visualisation, as per the manufacturer’s instructions. Briefly, the separated proteins were transferred 
onto PVDF membrane (Biorad, #162-0177) and probed with 0.1µg/mL rabbit polyclonal antibody 
against ERK1 and ERK2 (R&D Systems, #AF1575 and #AF1230, respectively) and 1/2000 goat 
anti-rabbit HRP secondary (Dako, #P0448). Bands migrating at ~42 and 44kD were digitally 
captured using a Chemidoc XRS (Biorad) and band volume (intensity units*mm
2
) determined using 















































































































































Fig. A1. Raw western blots for ERK1 and ERK2 protein expression determination. 
Macroscopically, disease matched carotid atheroma tissue samples were treated with and without 
irbesartan (2.3 mmol/L, n=12 matched pairs, 4 d in culture). Untreated control samples are assigned 
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